Heavy fermion metals hosting multipolar local moments set a new stage for exploring exotic spin-orbital entangled quantum phases. In such systems, the quadrupolar Kondo effect serves as the key ingredient in the orbital-driven non-Fermi liquid (NFL) behavior and quantum critical phenomena. The cubic heavy fermion superconductor PrT r 2 Al 20 (T r : Ti, V) is a prime candidate for realizing the quadrupolar Kondo lattice. Here, we present a systematic study of the NFL phenomena in PrV 2 Al 20 based on magnetoresistance (MR), magnetic susceptibility and specific heat measurements. Upon entering the NFL regime, we observe a universal scaling behavior expected for the quadrupolar Kondo lattice in PrV 2 Al 20 , which indicates a prominent role of the quadrupolar Kondo effect in driving the NFL behavior. Deviations from this scaling relation occur below ∼ 8 K, accompanied by a sign change in the MR and a power-law divergence in the specific heat. This anomalous low-temperature state points to the presence of other mechanisms which are not included in the theory, such as heavy fermion coherence or multipolar quantum critical fluctuations.
The concept of quasiparticles lies at the heart of Landau's Fermi liquid theory and plays a central role in the traditional paradigms of condensed matter physics. One major mystery in strongly correlated materials is the non-Fermi-liquid (NFL) or strange metal phase featuring a complete breakdown of the quasiparticle picture and singular behavior of physical properties. Understanding of the NFL may hold the key to elucidating the driving mechanism of unconventional superconductivity and other emergent quantum states in itinerant electron systems. [1] [2] [3] [4] [5] Some prototypical examples of the NFL occur in heavy-fermion metals. [6] [7] [8] [9] [10] In the conventional view of heavy fermion systems, the competition between the magnetic Kondo effect and the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction among local dipolar moments renders the NFL behavior, which is often attributed to magnetic quantum criticality. 4, 5, 11) The f -electron systems hold the possibility of harboring a nonmagnetic crystal electric field (CEF) ground state in which magnetic dipolar moment is absent but higher-order multipolar moments are active. [12] [13] [14] The conventional picture of the Kondo effect is dramatically altered in such a system. Theoretical works on quadrupolar systems suggest that the Kondo entanglement would take place between the local quadrupolar moments and the orbital degrees of freedom of the conduction (c) electrons, while the c-spins simply offer two separated scattering channels. The resulting quadrupolar Kondo effect may open the window into new types of NFL states without magnetic critically. [15] [16] [17] [18] The cubic heavy-fermion materials PrT r 2 Al 20 (T r : Ti, V) provide an ideal platform for realizing quadrupolar Kondo effect. 13) The nonmagnetic Γ 3 ground state of these compounds carries both electric quadrupoles and magnetic octupoles. In their crystal structures, the localized Pr moment resides at the center of the Frank-Kasper cage involving sixteen Al atoms; 19) this highest possible coordination number results in strong hybridization effects between the local multipolar moments and the conduction electrons, 13) as demonstrated by the Kondo resonance peak observed through photoemission spectroscopy. 20) As a result, the substantial Kondo coupling between the local multipolar moments and the conduction electrons give rise to a rich phase diagram comprising both multipolar order and exotic superconductivity. 13, [21] [22] [23] [24] [25] [26] [27] In contrast to between the first excited Γ 4 triplet and the nonmagnetic Γ 3 ground-state doublet, as discussed in our previous studies. 13) In applied magnetic fields, ρ 4f decreases in the temperature range Moreover, the MR of PrV 2 Al 20 undergoes a sign change at T MR=0 ∼ 8 K, and increases to positive values on further cooling. Such a behavior, namely negative MR with a minimum followed by a sign change at a lower temperature, closely resembles that of Ce-based heavy fermion compounds such as CeB 6 . 33) In the case of Ce-based systems, this behavior is interpreted by a crossover from an incoherent metal to a coherent heavy fermion liquid with local f-moments incorporated into the Fermi volume. 34) In conventional magnetic Kondo systems, the MR curves measured at various magnetic fields follow the Schlottmann's scaling such that the T and B dependences of MR appear only through the ratio (T + T * )/B; the characteristic temperature T * plays the role of the singleimpurity Kondo temperature. [35] [36] [37] Motivated by the experiment on UBe 13 , 38) theoretical work on the two-channel Kondo lattice 31) provides a different scaling with a smaller exponent, 
where MR 4f and F (x) are the 4f -electron component of the MR and a scaling function, respectively. magnetic Kondo systems; [39] [40] [41] yet it is nearly identical to that found in UBe 13 (β ∼ 0.6), 38) and is consistent with the theoretically prediction for the two-channel Kondo model. 31) This finding suggests the presence of the quadrupolar Kondo effect in PrV 2 Al 20 .
To further explore the quadrupolar Kondo physics in PrV 2 Al 20 , we turn our focus to the non-Fermi liquid behavior of ρ 4f (T ) in the paraquadrupolar state. For T Q < T 20 K,
as a function of T in the inset of Fig. 3(a) , where ρ 0 is the residual resistivity and A is a coefficient. The arrows mark the characteristic temperature T 0 at which ρ 4f (T ) deviates from the √ T behavior, in other words, the upper limit of ρ/(ρ 0 +A √ T ) ∼ 1. The resulting T 0 increases slightly with field, as plotted in Fig. 4 . The main panel of Fig. 3 
where a, b are constant parameters. 17) This theoretical prediction well reproduces the experimental ρ 4f (T ) for 0.5 T /T 0 2. Note that this temperature range coincides with the region in which both negative MR and generalized Schlottmann's scaling are observed.
Similar to ρ 4f (T ), the normalized magnetic susceptibility χ 4f (T )/χ 4f (T 0 ) can be scaled onto a single curve over roughly the same temperature range, 0.5 T /T 0 2, as shown in Fig. 3(b) . Here, we use the same T 0 as that for the resistivity scaling discussed above. Moreover, in this temperature regime, χ(T ) is well described by the theoretical form χ = c − d √ T for the quadrupolar Kondo system. 17) The scaling behavior in ρ 4f (T ) and χ 4f (T ) again designates the quadrupolar Kondo effect as the dominant mechanism at play. The value of T 0 ∼ 15K gives the energy scale of the hybridization between the 4f quadrupole moments and the conduction electrons, which is about one order of magnitude larger than that in PrIr 2 Zn 20 and PrRh 2 Zn 20 .
42)
The quadrupolar Kondo effect may also manifest itself in the electronic contribution to the specific heat. Unlike the case for ρ and χ, the scaling analysis of C 4f /T is hindered most likely by the substantial continuation of CEF effect, namely, the Schottky anomaly centred at T Schottky ∼ 6/14 broader compared to the one calculated using the two-level model, assuming a doublet ground state and a triplet excited state located at ∆ = 40K. The CEF contribution is also reflected in the 4f -electron contribution to the entropy, S 4f , which reaches ∼ R ln 2 at T MR=0 ∼ 8 K (inset of Fig. 3(c) ); if S 4f is governed solely by the quadrupolar Kondo coupling, this ground-state entropy of R ln 2 would be released at the higher characteristic temperature of T 0 ∼ 15K. At lower temperatures, C 4f /T strongly increases as ∼ T −3/2 . This power-law enhancement is more singular than the ∼ T −1/2 behavior predicted by the two-channel Kondo lattice model. fluctuations as a precursor of the long-range quadrupole order. In both scenarios, a significant enhancement of C/T is expected to take place below T MR=0 , which is compatible with the experimental observation shown in Figure. and T −3/2 dependence, respectively. The inset in (c) shows the T dependence of 4f electron contribution to the entropy S 4f at the 0 and 8 T. In all three panels, the shaded area corresponds to the region in which the quadrupolar Kondo scaling is found. 
